Arabidopsis thaliana has three genes that encode distinct aconitases (ACO), but little is known about the function of each isoenzyme during plant development. In newly emerged seedlings of Arabidopsis, transcript and protein levels for ACO3 were selectively induced to yield more than 80 % of total aconitase activity. Characterization of knockout mutants for each of the three ACOs suggests a major role for only ACO3 in citrate metabolism. The aco3 mutant showed delayed early seedling growth, altered assimilation of [ 14 C]acetate feeding and elevated citrate levels, which were nearly 4-fold greater than in wild-type, aco1 or aco2. However, both ACO1 and ACO2 are active in seedlings as shown by inhibition of aco3 growth by the toxin monofluoroacetate, and altered [
INTRODUCTION
ACO (aconitase; also known as aconitate hydratase, EC 4.2.1.3) catalyses the reversible isomerization of the TCA (tricarboxylic acid) citrate to isocitrate via the intermediate cis-aconitate [1] . It operates in the direction of citrate to isocitrate as an integral enzyme activity within the TCA cycle in all cellular organisms, and the cytosolic activity facilitates the growth of microorganisms on fatty acids or acetate as sole carbon sources as part of the glyoxylate cycle [2, 3] . ACO has been postulated to work in this direction as a step in the classic glyoxylate cycle of oilseed plants to assimilate carbon from seed lipid stores into primary metabolism to support seedling growth [4, 5] . The discovery that plant glyoxysomes lacked ACO activity [6] [7] [8] [9] placed conversion of citrate into isocitrate within the cytosol, thereby, requiring isocitrate to re-enter the glyoxysome to be converted into succinate by ICL (isocitrate lyase) ( Figure 1A ). Early fractionation studies of various plant tissues supported cytosolic citrate metabolism as they found ACO activity associated with both the cytosol and mitochondria, but with the cytosolic activity equal to, if not much greater than, that in mitochondria [6] [7] [8] [9] [10] .
The classic glyoxylate cycle has lost favour to the concept that citrate and not succinate is the major form of carbon exported to the mitochondria to support gluconeogenesis and respiration [11, 12] (Figure 1B ). This hypothesis stems from observations that the classic glyoxylate cycle of castor bean endosperm [13] is bypassed in other plant species or tissues. Isolated studies on fatty acid catabolism in sunflower and lettuce seeds suggested that peroxisomal citrate could be respired directly within mitochondria [14, 15] . Studies showing that peroxisomal MDH (malate dehydrogenase) works in the direction of OAA (oxaloacetate) to malate [16, 17] also supported the concept that carbon export from peroxisomes is a fundamental requirement for assimilating carbon from lipid degradation. The Arabidopsis mutant lacking ICL exhibited reduced growth and lipid mobilization only under suboptimal growing conditions [18] and lipid catabolism in the Arabidopsis mutant lacking MLS (malate synthase) appeared unaffected [19] . Most importantly, abolishing peroxisomal CSY (citrate synthase) activity inhibited lipid catabolism and prevented seedling establishment [20] . These findings were consistent with the obligatory export of citrate from peroxisomes into the cytosol, which could allow it to be taken up by mitochondria through TCA transporters [21] . Although the current concept, which was developed primarily through the use of Arabidopsis mutants, opposes earlier fractionation studies, it appears to be supported by more recent ACO distribution studies on Arabidopsis that have revealed predominantly mitochondrial ACO activities. Arabidopsis has three isoenzymes, ACO1, ACO2 and ACO3, each of which is encoded by a distinct gene [22] [23] [24] . Subcellular fractionation studies have revealed ACO1 and ACO2 to be cytosolic and mitochondrial respectively [22, 24] . ACO3 was found to be predominantly mitochondrial in 10-day-old plantlets [22] and exclusively mitochondrial in rosette leaves of 4-week-old plants [24] . In 4-week-old plants, ACO3 accounted for nearly 80 % of the total ACO activity [23] . Additional complications in our attempt to understand the subcellular location of citrate metabolism in plants have arisen from evidence for potential ACO dual-localization in plants [22, 25, 26] .
Distinguishing between the two hypotheses for carbon flow during lipid mobilization requires associating ACO isoenzymes with citrate metabolism and their subcellular location. Through a study of the Arabidopsis mutants lacking each of the ACOs we found that ACO3 is selectively induced in young seedlings and it is the isoenzyme catabolizing citrate. Extensive analyses of isoenzyme distribution revealed that ACO3 is almost exclusively located in the cytosol in young seedlings. These results provide strong evidence that the cytosol is the primary site of citrate catabolism in Arabidopsis during lipid mobilization. In addition, we present evidence for the compartmentation of metabolites in seedlings, which would be necessary for the glyoxysomal malate-OAA shuttle and operation of MDH in the direction of OAA to malate for regeneration of NAD for β-oxidation [16, 17] ( Figure 1A ).
MATERIALS AND METHODS

Plant material and growth measurements
Seeds for the ACO T-DNA (transfer DNA) insertion lines were obtained from the European Arabidopsis Stock Centre at the University of Nottingham (http://arabidopsis.info/). The mutants aco1-1 (138A08) and aco3-3 (298E10) originated from the GABI-Kat collection [27] , whereas aco2-2 (SALK-037286), aco2-3 (SALK-090200) and aco3-3 (SALK-014661) came from the SALK collection [28] . Numerical designations for the aco alleles used in the various studies reported thus far are given in Supplementary Table S1 (at http://www.biochemj.org/bj/463/bj4630309add.htm). The homozygous ACO mutants aco1-1, aco2-3 and aco3-3 were selected based on the lack of the transcript using RT-qPCR (reverse transcription-quantitative PCR) with the primer combinations listed in Supplementary Table S2 (at http://www.biochemj. org/bj/463/bj4630309add.htm). The mutants were back-crossed to wild-type Col-0 [ABRC (Arabidopsis Biological Resource Center) line CS6673] and lines homozygous for T-DNA insertion were selected by PCR. Lack of the specific transcript or isoenzyme activity in aco1-1, aco2-2 and aco3-2 has been shown previously [22, 24] . The mutants, icl-1, mls-1, csy2-1 and csy3-1, were a gift from Professor Steven Smith at the University of Western Australia, Australia.
For germination and growth analyses, all seeds were surfacesterilized and imbibed in the dark at 4
• C for 4 days before sowing on to agar plates. For all experimental conditions, seeds were germinated at 20
• C at 70 μmol of photons·m − 2 ·s − 1 constant illumination. Standard agar medium plates contained 0.8 % agar and half-strength Murashige and Skoog salts [29] . The medium, before addition of agar and subsequent autoclaving, was adjusted to pH 5.7 with 0.1 M KOH. For growth measurements, groups of 50 seeds or seedlings were removed from agar plates and weighed. For inhibition studies, sterile agar media was supplemented with FAc (monofluoroacetate) from a filter-sterilized stock solution to the appropriate concentration. Germination and emergence in the presence of FAc were determined by counting in groups of at least 50 seeds or seedlings as described previously [30] . The preparation of seedling tissue for GC-MS is described below.
Gene and protein expression analysis
The microarray information from which the ACO expression data were taken is available from ArrayGenExpress under the accession number E-MEXP-2493 [31] . RT-qPCR was performed on an Applied Biosystems 7900HT real-time PCR system using 10 ng of cDNA and the SYBR Select TM Master Mix according to the manufacturer's instructions. For RT-qPCR, cDNA was synthesized from 1 μg of total RNA (isolated as described in [31] ) using Omniscript reverse transcriptase (Qiagen). Relative transcript levels were determined using the 2 − C T method [32] .
Step-wise purification of mitochondria and immunoblot analysis of protein levels was performed as described previously [24, 33] . Separation of mitochondria from cytosol on sucrose density gradients for quantification of the partitioning of ACO3 activity in 3-day-old seedlings was also performed as described previously [18, 30] .
ACO activity assays
ACO activity in seedlings was determined in a coupled reaction with IDH (isocitrate dehydrogenase) according to a modified version of a previous method [34] . The reaction was initiated with 1 mM cis-aconitate and the production of NADPH by IDH was monitored at 340 nm. Plant ACO activity measurements were conducted on extracts of tissue harvested from standard agar plates at 24 h intervals from imbibed seeds to seedlings 5 days old. Seedlings were ground by hand with a small plastic pestle (Anachem) in a 1.5 ml microcentrifuge tube containing 200 μl of extraction buffer [100 mM Tris/HCl, pH 7.0, 1 mM EDTA, 10 mM KCl and 10 % (v/v) glycerol]. The slurry was centrifuged for 15 min at 4
• C in a microcentrifuge to remove cell debris, and 170 μl of the crude extract was assayed immediately for ACO activity as described above.
In-gel separation of ACO isoforms and activity measurements isolated from wild-type and atm3-1 seedlings have been described previously by Bernard et al. [24] .
Metabolite quantification
Citrate was measured in extracts of seedlings harvested at an average weight of 12 μg per seedling, which is just after emergence of the seedling from the seed coat. Agar plates containing aco3 were transferred to growth conditions approximately 13 h before the other genotypes in order to be able to harvest all batches of seedlings at the same time at the same developmental state. Approximately 0.2 g of seedlings were extracted for metabolites as described previously by Lisec et al. [35] . Citrate was measured by an enzyme assay using a coupled reaction containing citrate lyase, MDH and lactate dehydrogenase according to the method of Bergmeyer [36] .
Delaying the transfer of agar plates from the cold stratification to germination conditions was also done for aco3-2 seedlings used for the GC-MS analyses. Even though seeds were germinated under constant illumination, plates were transferred from the cold to growth conditions at specific times so that seedlings were ready to harvest at 09:00 h, and harvesting was restricted to a period of 1 h. Batches of seedlings were harvested in three separate weeks to provide three biological replicates for each mutant and wildtype. Each biological replicate consisted of seedlings pooled from six agar plates randomly distributed on a shelf with the same light intensity as described above. The time from opening the plates to freezing them in liquid N 2 was less than 30 s. Samples of frozen seedling were pooled according to the week harvested and dried under vacuum. Dried seedling tissue (25-30 mg) was extracted for metabolites [35] after addition of the internal standard d-27-myristic acid. The samples were dried by speed vacuum concentration and stored at − 80
• C until analysed. On the day of analysis, samples had residual condensation removed under vacuum before derivatization as described previously [37] . GC-MS analysis was performed on a 7890A GC System (Agilent Technologies) coupled with a 5975C Inert XL MSD with TripleAxis Detector (Agilent Technologies) following the protocol described by Sellick et al. [38] . GC-MS data were processed to form an X and Y matrix of peak height intensity using TagFinder [39] and metabolite identifications were made by mass spectral matching against the Golm Metabolome Database [40, 41] .
Radiolabelling studies
All feeding experiments were conducted on seedlings harvested at an average weight of 12 μg per seedling.
Feeding with [2- 14 C]acetate was conducted as described previously [30] .
RESULTS
ACO3 is transiently induced during germination
Relative transcript levels for each ACO in wild-type Col-0 were determined using array data from a seedling developmental series [31] . Whereas ACO1 and ACO2 expression remained relatively constant, ACO3 transcripts increased almost 3-fold by day 1 and then decreased to basal levels similar to those of ACO1 and ACO2 by day 3 ( Figure 2A ). The specific induction of ACO3 by day 1, as well as a rapid decrease by day 2, was confirmed by RTqPCR on independent biological samples (Supplementary Figure  S1 at http://www.biochemj.org/bj/463/bj4630309add.htm). Both ACO protein ( Figure 2B ) and activity ( Figure 2C ) in wild-type seedlings mirrored the gene expression profile of ACO3, with a large transient increase over days 2 and 3, which corresponds to the stage of development when the rate of lipid degradation is fastest [18, 42] .
Homozygous knockout lines for each ACO were obtained from Arabidopsis stock centres as described in the Materials and methods section, Supplementary Table S1 and Supplementary Figure  S2A (at http://www.biochemj.org/bj/463/bj4630309add.htm). Several of these mutants have been described previously [22] [23] [24] . The lack of the appropriate ACO transcript in alleles isolated in the present study was demonstrated by RT-qPCR (Supplementary Figure S2B) . Activity and Western blot analyses of the mutants revealed that the transient increase in both ACO activity ( Figure 2C ) and protein ( Figure 2D ) were eliminated in aco3. Data on growth, enzyme activity and citrate levels for a second set of alleles are shown in Supplementary Figures S3 and S4 (at http://www.biochemj.org/bj/463/bj4630309add.htm).
ACO3 is necessary for normal seedling growth
All three mutants were germinated and established under constant light at 20
• C without the addition of an external carbon source, which showed that all three homozygous mutants were viable. These findings were similar to those reported previously [22] [23] [24] . However, aco3 did not develop as rapidly as the other mutants post emergence as shown by reduced fresh weight ( Figure 3A ) and seedling size (Supplementary Figure S3A) . The delayed growth of aco3 was not visible in older plants (>10 days old), an observation similar to that reported for the tomato aco-1 mutant [25] . Therefore it appeared that ACO1 and ACO2 can compensate for the lack of ACO3, but its function could not be completely replaced.
Tolerance of FAc, which is a toxic analogue of acetate, has been a valuable approach for identifying acetate assimilation enzymes and pathways in microorganisms [43] and Arabidopsis [30, 44, 45] . The basis of FAc resistance in mutants is the inability to convert FAc into fluorocitrate thereby preventing ACO inhibition. If one particular ACO isoenzyme was responsible for metabolizing citrate during lipid mobilization, then the corresponding mutant would be more FAc tolerant. We compared the aco mutants with a number of well-characterized glyoxylate cycle mutants for germination potential in the presence of FAc ( Figure 3B ). As reported previously, the acn1 (acetate non-utilizing 1) mutant lacking the peroxisomal short-chain/acetyl-CoA synthetase [30] was FAc tolerant ( Figure 3B, panel a) . The icl-1 mutant [18] was slightly tolerant to FAc ( Figure 3B, panel b) , whereas the mls-1 mutant [19] appeared to be hypersensitive ( Figure 3B , panel c). Interestingly, the mutant lacking the peroxisomal CSY3 (csy3-1) [7] was FAc-tolerant, but a mutant lacking CSY2 (csy2-1) was hypersensitive ( Figure 3B, panel d) . This demonstrated that FAc tolerance can discriminate among potentially competing isoenzymes in acetate-assimilating enzymatic steps. Mutant aco1 was slightly tolerant, aco2 was no different to wild-type, but aco3 was highly sensitive to FAc ( Figure 3B , panel e). This suggested that all three ACOs are inhibited by fluorocitrate and thus have access to citrate from peroxisomes. In wild-type, aco1 and aco2 lines, ACO3 would be inhibited, but still turning citrate over at a low rate allowing germination to occur. In aco3, inhibition of ACO1 and/or ACO2 resulted in a complete loss of germination potential.
Metabolic properties of aco mutants
In order to investigate the effect of individual gene disruptions on carbon metabolism, metabolite classes in 3-day-old seedlings were analysed by radiolabelling with [ 14 C]acetate. The aco3 mutant showed reduced label in carbohydrates and ethanol insoluble material (referred to as CHO and SO respectively) and an apparent increase in amino acid labelling. Although only the carbohydrate fraction differed significantly from wild-type ( Figure 4A ), the overall profile of incorporation was similar to that for icl [30] . Interestingly, CO 2 labelling in aco3 may even be slightly greater than for wild-type, which is contradictory to ACO3 having a role in respiration. The only significant difference between aco1 and wild-type in the labelling profile was a slightly higher production of CO 2 by aco1. Surprisingly, aco2 showed the largest change in [
14 C]acetate assimilation showing significant differences from wild-type in a lower level of labelling in CO 2 , CHO and SO, and higher OAs (organic acids).
Metabolite profiling of polar metabolites by GC-MS was employed to examine the influence of each ACO on the levels of key metabolites, citrate, malate and fumarate. Slight changes in ACO activity have been shown to result in small effects on the levels of these metabolites at particular developmental stages of the tomato fruit [26] . In developing seedlings, the effect of the complete elimination of ACO3 was particularly dramatic, whereby citrate was nearly 4-fold higher in aco3 than in the other genotypes ( Figure 4B ). Since citrate is a substrate for ACO, we confirmed this result by enzymatic assays for citrate in extracts of each mutant at day 3 (Supplementary Figure S4) . Wild-type, aco1 and aco2 had similar average amounts between 250 and 300 nmol·g − 1 fresh weight, which were very similar to levels previously quantified by NMR [46] . In contrast, aco3 contained more than 900 nmol·g − 1 fresh weight. Fumarate was more than 3-fold greater in aco2 than in the other genotypes, whereas malate was more than 3-fold less in aco3 than in the other genotypes ( Figure 4B ). . (e) Wild-type Col-0 (black bars), aco1-1 (white bars), aco2-2 (forward slash bars) and aco3-2 (backward slash bars). Wild-types correspond to the parental genotype from which the mutants were isolated. Seeds were germinated on standard agar medium plates containing 20 mM sucrose ( − ) and 0.5 mM FAc ( + ), except for (B) where 0.25 mM FAc was used. A seed was considered to have germinated when the radical was visibly protruding from the testa. The data and error bars represent the mean + − S.D. for three independent measurements. *P < 0.05 indicates a significant difference from wild-type as determined by a Student's t test.
Cytosolic localization of ACO3 in young seedlings
Recent reports of the mitochondrial location of the vast majority of ACO activity in Arabidopsis, particularly in 10-day-old plantlets [22] , would appear to conflict with earlier reports of dominant cytosolic ACO activity in seedlings of other oilseed species [8, 9] . Therefore establishing the subcellular location of the ACOs, particularly ACO3, in young seedlings was essential in order to define the subcellular location of citrate metabolism. From our trials and previously published reports [26] , plant ACOs do not appear to be amenable to localization using GFP fusions. Therefore we employed the more rigorous process of cell fractionation and analysis by immunolabelling and activity measurements.
Mitochondria were purified from 3-day-old seedlings using differential centrifugation steps [33] and compared with equal protein amounts of total extracts ( Figure 5A ). For all geno- types, the relative intensities of the immunolabelling signals from the anti-ACO antibody appeared similar between total and mitochondrial protein preparations ( Figure 5A, panel 1) . The dramatic reduction in the total ACO signal in both the mitochondrial and total protein fractions of aco3 would appear to suggest that ACO3 in mitochondria comprised the majority of ACO signal observed in the total protein samples. However, control immunolabelling with an anti-OASTL [Oacetylserine(thiol)lyase] antibody [47] revealed dramatically different signal intensities of the mitochondrial isoenzyme (OASTL-C) in all genotypes ( Figure 5A, panel 3) indicative of an enrichment of mitochondrial protein between 3-and 10-fold ( Figure 5B , left-hand panel, and Supplementary Figure  S5A at http://www.biochemj.org/bj/463/bj4630309add.htm). The high degree of purity of the mitochondrial preparations was evident by the lack of detectable levels of cytosolic (OASTL-A) or plastidic (OASTL-B) isoenzymes. The enrichment of mitochondrial proteins in the mitochondrial preparations was also apparent by the relative intensities of immunolabelling signals of the mitochondrial membranebound cytochrome c oxidase, subunit 2 (Supplementary Figure  S5B) . Thus the lack of enrichment of the ACO signal in wild-type, aco1 and aco2 compared with OASTL-C indicated that the ACO signal in total protein extracts was due to a large cytosolic component of ACO3. In contrast, the enrichment of ACO protein in mitochondria purified from 10-day-old plantlets of all genotypes was consistent more with a predominant mitochondrial localization ( Figure 5A, panel 2) . Therefore the differing patterns of ACO enrichment among the various genotypes indicated that ACO3 was predominantly cytosolic in 3-day-old seedlings, but mitochondrial in 10-dayold plantlets. Importantly, the enrichment of the mitochondrial OASTL-C signal at 3 days was similar, or even slightly greater, to that at 10 days (2-4-fold) ( Figures 5A, panel 4 , and 5B, right-hand panel), showing that the apparent lack of enrichment of mitochondrial ACO at day 3 was not due to a lower ratio of mitochondrial to total protein. One-step sucrose-density gradient fractionation of seedlings of increasing age revealed a change in the relationship between cytosolic and mitochondrial ACO-specific activities between days 3 and 7, which remained constant in older plants (Supplementary Figure S5C) . Since the timing of this change corresponds to the decrease in total ACO protein and activity ( Figures 2B and 2C ), it appears that ACO distribution arrives at an 'established' state soon after ACO3 induction is halted and its activity declines. It should be noted that mitochondrial-specific activities from day 7 on have been underestimated (compare with Figure 5D ) due to the contribution by co-migrating plastids to the apparent amount of mitochondrial protein that was used to normalize activities in each fraction. The cytosolic location of the ACO activity in 3-day-old seedlings was confirmed using a mutant lacking the mitochondrial ABC transporter ATM3 (atm3-1). ATM3 and its eukaryotic orthologues export a glutathione conjugate that is required for the assembly of iron-sulfur clusters in the cytosol. We have reported that Fe 4 S 4 -dependent ACO activity in the cytosol is strongly decreased in rosette leaves of atm3 alleles, whereas mitochondrial ACO activity was unaffected [24] . Total tissue protein extracts from 1-to 5-day-old wild-type and atm3-1 seedlings were separated by native gel electrophoresis followed by in-gel staining for ACO activity ( Figure 5C ). Only one major ACO species was resolved in young seedlings, which was attributable to the highly induced ACO3. The induction of ACO activity observed in wild-type was strongly attenuated in atm3-1 seedlings as shown by dramatically reduced bandstaining for the mutant. ACO protein levels also appeared to decrease, but much less than corresponding activity. The decrease in ACO activity in atm3-1 suggested that only the cytosolic isoprotein was affected as shown by similar ACOspecific activities in wild-type and atm3-1 mitochondria isolated by differential centrifugation ( Figure 5D ). Activity measurements of mitochondria separated from cytosolic components by one-step sucrose density centrifugation confirmed the decrease in activity was restricted to the cytosol (Supplementary Figure S5D) .
In order to obtain a more precise estimate of the proportion of cytosolic and mitochondrial ACO3 in 3-day-old seedlings, organelle preparations from etiolated [8] wild-type and aco3 were separated on one-step sucrose density gradients and each fraction assayed for ACO activity ( Figure 6A ). In wild-type seedlings, a large amount of ACO activity was observed in the fractions at the top of the gradient corresponding to the cytosolic contents, and less activity was observed in the middle portion of the gradient where mitochondria migrate [30] . In aco3, the ACO activities in both portions of the gradient were much lower. For each gradient, fractions 1-5 and 12-16 respectively were combined and analysed for ACO activity and for activity of the mitochondrial marker NAD-IDH (NAD-dependent IDH) [48] . In both wild-type and aco3, ACO activity was significantly greater in fractions 1-5 than in fractions 12-16, whereas the opposite result was obtained for NAD-IDH activity ( Figure 6B ). NAD-IDH activity was barely detectable in the cytosolic fraction, but was comparable with ACO activity in the mitochondrial fraction. When the residual cytosolic ACO activities from the aco3 mutant gradients were subtracted from the corresponding wild-type fractions, cytosolic ACO3 accounted for nearly 90 % of total ACO3 activity in the wild-type.
DISCUSSION
Our results indicate that ACO3 is the major route of citrate catabolism in seedlings. It is the isoenzyme specifically induced during lipid mobilization and eliminating it reduces growth and increases citrate levels. The altered radiolabelling pattern of metabolite classes in aco3 suggests the anaplerotic and gluconeogenic functions of ACO3 in accordance more with the classic glyoxylate cycle than with direct mitochondrial respiration of citrate ( Figure 1A ). Although the slight FAc tolerance of icl provides evidence for a functional glyoxylate cycle, it exhibits normal growth under the conditions used in the present study [30] . Therefore it is unlikely that a substantial proportion of isocitrate is transported into peroxisomes as part of a complete glyoxylate cycle. Instead, the alternative fates of isocitrate, either to be converted into 2-oxoglutarate via the cytosolic NADP-IDH [49] or transported into mitochondria for entry into the TCA cycle, become important factors in seedling carbon metabolism ( Figure 1A) . Although ACO1 and ACO2 are metabolically active in young seedlings and can compensate in part for the lack of ACO3, they do not appear to be central in the catabolism of citrate during lipid mobilization. However, the pronounced effects of the aco2 mutation on acetate assimilation and fumarate levels are important in two respects. First, although our results do not directly exclude the possibility that citrate is metabolized within mitochondria by ACO3, it would not be clear why the lack of ACO2 has no apparent effect on citrate levels. Secondly, they demonstrate that it is not possible to ascribe metabolic consequences to specific ACOs in cases where multiple isoenzymes may be altered using RNAi or antisense technologies. Whereas our results refute the importance of mitochondrial metabolism of citrate during lipid mobilization, they support the hypothesis that MDH works in opposite directions within the peroxisome (OAA to malate) and cytosol (malate to OAA) forming a cycle to regenerate NAD + from NADH ( Figure 1A ) [16, 17] . The strongest argument against this concept is that malate in plant cells is rapidly taken up by mitochondria. This was demonstrated by feeding studies in maize root tips where asymmetrically labelled malate was rapidly interconverted by fumarase to produce symmetrical bi-labelled malate [50, 51] . If the cytosolic pool of malate was accessible to fumarase, which is readily reversible, then the malate and fumarate levels within the mutants would change similarly. A similar observation was reported for developing fruit of ACO RNAi tomato plants, but the significance of the finding was not discussed [26] . We are able to postulate the existence of a pool of malate that is excluded from mitochondria and which could be converted into OAA by MDH in the cytosol for entry into the peroxisome. It has been suggested that metabolite channelling could explain the differences between wild-type and aco mutant in carbon partitioning of tomato [25] , and channelling to isolate metabolite pools may be occurring here [52] .
Our conclusion that citrate is metabolized within the cytosol comes from our observation that ACO3-dependent activity resides in the cytosol in young seedlings. Recent comparisons of activities in whole plants and subcellular fractions from older seedlings of aco mutants of Arabidopsis leaves had suggested a predominant mitochondrial activity resulting from the presence of both ACO2 and ACO3 in mitochondria and ACO1 in the cytosol [22] [23] [24] . Sequence information supports the mitochondrial localization of both ACO2 and ACO3, which have N-terminal extensions not present in ACO1 [22] (Supplementary Figure S6 at http://www.biochemj.org/bj/463/bj4630309add.htm) that contain features indicative of mTPs (mitochondrial targeting presequences) [53] . However, our results coincide with earlier fractionation studies on etiolated pumpkin cotyledons. It has been estimated that 90 % of total ACO activity was present in the cytosol [8] and subsequent studies on pumpkin ACOs revealed three isoenzymes, two of which were cytosolic and one was mitochondrial [54] . One cytosolic isoenzyme showed a transient induction and subsequent disappearance when seedlings were exposed to light. It is evident from the results of the present study that the apparent discrepancy is explained, at least in part, by the use of tissue types of differing developmental stage in the various studies. Studies using tissues actively degrading lipid could reveal predominantly cytosolic localization, whereas those using more mature tissues may show ACO distribution shifted to mitochondria.
In addition to addressing key aspects on the operation of the glyoxylate within the cytosol, the present study yielded interesting observations. One is the differential sensitivity of the csy2 and csy3 mutants to FAc. This may represent structural features of CSY2 that prevents reactivity with FAc-CoA, or preferential channelling of FAc-CoA/Ac-CoA through CSY3. Another is that ACO3 resides in both the cytosol and mitochondria in young seedlings, thus it can be dual-localized. Its localization appears to shift from cytosol to mitochondria as the seedling matures. All of the ACOs were inseparable by SDS/PAGE with molecular masses of approximately 98 kDa, which included the cytosolic isoform of ACO3. This is not unique to Arabidopsis; of the nine different crops and non-crop plant species examined using an anti-ACO antibody, all had one cross-reactive band at approximately 98 kDa [55] . The N-terminal extension of ACO3 would give it a molecular mass of nearly 108 kDa for the nascent protein. Therefore ACO3 isoforms in both compartments must lack the mTP and this raises the question as to how this occurs. Two possibilities are a development-dependent change in the translation start site, or mitochondrial processing of ACO3, but instead of completing the translocation the protein is released back into the cytosol. There is precedent for the latter from Saccharomyces cerevisiae in which the cytosolic and mitochondrial isoforms of ACO from S. cerevisiae are encoded by one gene, but the cytosolic isoform (5 % of the total ACO protein) results from arrested transport into mitochondria [3] . If ACO3 is dual-targeted to mitochondria and cytosol similarly to the yeast ACO, then this system appears to be enhanced in Arabidopsis to facilitate the release of nearly 90 % of ACO3 back into the cytosol. It is clear that further studies are required to distinguish between these hypotheses. Furthermore, unravelling the development-dependent shift in the location of ACOs, and potentially other enzymes, is extremely important regarding our understanding of the dynamic nature of carbon fluxes during plant development.
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Figure S2 Aconitase mutant loci
Homozygous aco1-1 (At4g35830) and aco3-3 (At2g05710) knockout mutants were isolated from GABI-Kat T-DNA insertion population lines 138A08 and 298E10 respectively. (A) The homozygous aco2-3 (At4g26970) knockout mutant was isolated from the SALK T-DNA insertion population line SALK_090200. Boxes and lines represent exons and introns respectively. T-DNA inserts were located within intron 13, exon 1 and exon 8 for aco1-2, aco2-3 and aco3-3 respectively. (B) Lack of transcript in each aco mutant. Small leaves (non-standardized sizes) were taken from individual mutant plants at 4 weeks of age and the mRNA extracted using the Dynabeads ® extraction system (Invitrogen). RT-qPCR was conducted using the primer combinations listed in Table S1 . The control primers were for ACT2 (At3g18780). The primers used are indicated on the left-hand side and the genotypes are indicated along the top. for three independent gradients. Significant differences were observed for only total and cytosolic fractions according to unpaired t tests (P < 0.05).
Figure S6 Alignment of N-terminal portions of Arabidopsis ACOs
The full primary sequences were aligned using ClustalW2 using default settings (http://www.ebi.ac.uk). CCAGTTGCACAAATACTTCA  CCAAATGTCCCTGAAAAATA  ACO2  TCCCTCGTCCATTCCACGATCT  TGCTCAGAAGCTGCGTTTTTCACA  ACO3  GAGTATGGTATTGCCTGGTG  GTCAGCTTTCATTTCCTTCA  qPCR  ACO1  CCAGTTGCACAAATACTTCA  CCAAATGTCCCTGAAAAATA  ACO2  ATCTTGCGTCACCACCATTA  TTTCCTGCTGGAGAGATGTG  ACO3  GAGTATGGTATTGCCTGGTG  AATTCCCGATGCATGTAGTG  ACT2  CTAAGCTCTCAAGATCAAAGGCTTA  ACTAAAACGCAAAACGAAAGCGGTT  qPCR  ACO1  TACACCATTGAGCTCCCAAA  CCGGTCAAGACGTCACTGTA  ACO2  CCGGTCAAGACGTCACTGTA  GATCACTTGGCGCTCAAAC  ACO3  GACTGGTCACGAACGCTACA  TGGTTAAAGTATGCCAATTCCA  ACT2  CTAAGCTCTCAAGATCAAAGGCTTA  ACTAAAACGCAAAACGAAAGCGGTT 
